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Abstract 

Earlier  studies  of  fatigue  crack  propagation  (FCP)  in  polymers  have 
shown  a  general  superiority  of  crystalline  relative  to  amorphous  polymers 
in  terms  of  FCP  resistance.  In  order  to  study  in  detail  the  effect  of 
crystalline  content  and  character  on  FCP  rates,  Poly(ethylene  terephthalate) 
(PET)  was  selected  as  a  convenient  material  in  which  a  wide  range  of 
crystallinity  can  be  obtained.  To  provide  a  base-line  for  comparison,  FCP 
rates  were  determined  for  essentially  amorphous  polymers  covering  a  range 
of  molecular  weight.  Surprisingly,  the  essentially  amorphous  PET  turned 
out  to  be  as  resistant  to  FCP  as  the  best  crystalline  polymers  so  far 
observed.  In  this  paper,  several  observations  about  FCP  rates  and  fracture 
topography  are  reported:  FCP  rates  agree  well  with  the  Paris  equation  over 
a  vide  rnage  of  AK;  in  any  case,  the  higher  the  molecular  weight,  the  greater 
the  crack  growth  resistance  according  with  the  Manson-Hertzberg  relationship 
previously  established.  Fracture  surface  analysis  revealed  evidence  of 
softening  and  drawing,  and  extensive  plastic  deformation.  We  suggest 
that  PET  can  undergo,  under  cycling  loading,  both  extensive  drawing  and  actual 
crystallization  at  the  crack  tip  to  form  an  efficient,  crack-resistant 
network.  Thus  PET  appears  to  be  the  first  thermoplastic  observed  to  be 


self-reinforcing  in  fatigue 


Introduction 


In  our  earliest  studies  of  fatigue  crack  propagation  (FCP)  in  polymers 
(1),  we  observed  that  the  range  of  behavior  exhibited  was  much  greater  than 
is  the  case  with  metals.  Thus  in  a  typical  poly(methyl  methacrylate)  PMMA  a 
crack  grew  1300X  faster  than  in  a  typical  polycarbonate,  at  an  equivalent 
range  in  stress  intensity  factor,  A K.  Since  a  specimen  of  nylon  66  was  found 
to  be  still  more  resistant  than  the  polycarbonates  it  was  suggested  that  in 
comparison  with  an  amorphous  polymer,  a  crystalline  polymer  might  well  provide 
mechanisms  for  dissipating  energy  that  do  not  exist  in  an  amorphous  polymer. 

In  other  words,  extensive  transformation  of  a  crystalline  network  to  a  new 
morphology  takes  place  on  deformation  past  the  yield  point  (2,3).  Such  a 
transformation  is  accompanied  by  the  expenditure  of  considerable  energy  i: 
addition  to  that  corresponding  to  the  surface  energy.  More  recent  experi¬ 
ments  have  confirmed  the  general  superiority  of  crystalline  relative  to 
amorphous  polymers  in  terms  of  FCP  resistance  (1).  To  be  sure,  significant 
increases  in  FCP  resistance  in  amorphous  or  mesomorphic  polymers  like  PMMA 
and  PVC  can  be  achieved  simply  by  increasing  the  molecular  weight  [and  hence 
the  effectiveness  of  the  entanglement  network  opposing  progress  of  the  crack] 
or  by  including  a  rubbery  phase  [thereby  enhancing  the  ductility  of  the  matrix] 
(4,5).  However,  while  some  of  these  materials  were  as  resistant  to  FCP  as 
polycarbonate,  none  achieved  the  resistance  of  nylon  66  (6),  nylon  6  (6), 
polyacetal  (7),  or,  especially,  poly(vinylidene  fluoride)  (8)  —  all  crys¬ 
talline  polymers.  One  amorphous  polyamide  was  also  studied,  and  found  to 
be  much  less  resistant  to  FCP  than  polycarbonate  (1,  p.  130). 

In  view  of  these  findings,  it  was  decided  to  study  the  effects  of 
crystalline  content  and  character  on  FCP  rates  (9).  In  fact,  Laghouati  et  al. 


2. 


(10)  have  found  crystalline  texture  in  polyethylene  to  play  a  major  role 
in  FCP  resistance.  Unfortunately,  a  wide  range  of  crystallinity  cannot  be 
obtained  in  either  polyethylene  or  nylon  66,  at  least  with  specimens  thick 
enough  to  study  FCP  rates.  We  therefore  sought  a  polymer  in  which  the 
crystallinity  could  be  readily  varied  from  essentially  zero  to  a  reasonbly 
high  value  (say,  40%).  Poly(ethylene  terephthalate)  (PET)  was  selected  as  a 
candidate  having  that  advantage;  in  addition,  it  was  possible  to  obtain 
a  range  of  molecular  weights.  While  PET  has  been  most  commonly  used  as  a 
fiber  or  as  a  biaxially  oriented  sheet,  blow-molded  products  are  being  used 
to  an  increasing  extent,  and  there  has  been  considerable  interest  in  injection 
molding  as  well  (11) . 

In  order  to  provide  a  base-line  for  comparison,  FCP  rates  were 
determined  for  essentially  amorphous  PET's  covering  a  range  of  molecular 
weight.  Surprisingly,  the  essentially  amorphous  polymers  turned  out  to 
encompass  about  as  high  a  range  of  FCP  resistance  observed  in  any  polymer 
so  far  —  amorphous  or_  crystalline.  In  this  paper,  preliminary  observations 
of  FCP  rates  and  fracture  topography  are  reported,  and  future  explorations 
suggested. 

Experimental 

Characterization 

Injection-molded  sheets  of  PET  (3mm  x  15cm  x  15cm)  were  kindly 

supplied  by  Dr.  S.  L.  Kim  throguh  the  courtesy  of  the  Goodyear  Tire  and 

Rubber  Co.  The  sheets  had  been  quenched  to  a  room  temperature  of  25°C  in 

order  to  produce  an  essentially  amorphous  product.  Number-average  molecular 

weights,  M  ,  were  determined  viscometrically  in  60/40  phenol/tetrachloro- 
n 

-4  — 

ethane  solutions  at  25°C  using  the  equation  [ n ]  ■  7.5x10  M^O.68  (12). 
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Values  of  iWM^,  the  ratio  of  weight  to  number- average  molecular  weight, 
were  estimated  from  the  relationship  M^/M^  “  1+p,  where  M  *M  /(1-p),  p  being 
the  fractional  conversion,  and  Mq  the  molecular  weight  of  the  repeat  unit  ('ll). 
Since  PET  is  well  known  to  undergo  degradation  of  molecular  weight  on  heating, 
molecular  weights  were  determined  before  fatigue  testing. 

The  degree  of  crystallinity  was  determined  using  a  Perkin-Elmer 
differential  scanning  calorimeter,  model  DSC-1B,  a  reference  value  for  the 
heat  of  fusion  of  28.1  cal/g  (117  J/g)  (14),  and  a  scanning  rate  of  40°C/min. 

To  effect  this  estimation,  the  area  for  the  exothermic  peak  between  408  and 
470°K  [which  occurs  due  to  crystallization  during  the  DSC  scan]  was  subtracted 
from  the  area  of  the  endothermic  peak  between  506  and  530°K  [which  corresponds 
to  the  melting  of  the  crystallites  formed  during  the  scan].  For  comparison, 
a  sample  of  PET-D  was  crystallized  to  the  extent  of  27%  by  heating  to  120°C 
for  3  hr.  Fig.  1  shows  typical  scans  for  the  nominally  amorphous  PET  as  well 
as  for  crystallized  materials.  To  examine  changes  in  the  state  of  the 
polymer  due  to  the  fatigue  process  in  the  plastic  zone,  several  thin  sections 
of  polymer  were  cut  from  all  the  crack  surfaces  and  from  the  strongly  whitened 
zone  prior  to  failure,  and  scanned  at  40°C/min  for  evidence  of  crystallinity. 

The  sections  were  thin  enough  (<0.5  mm)  to  exclude  sampling  of  the  bulk 
material,  which  is  unaffected  during  the  fatigue  process;  thus  the  sections 
are  representative  of  the  diffuse  whitened  zone  under  the  crack  plane  (see 
Morphology) .  Crystallinities  were  also  determined  for  amorphous  and  fully 
crystalline  PET,  respectively  (14).  Values  of  T^  were  obtained  with  the  DSC, 
at  a  scanning  rate  of  10°C/min.  Before  testing,  specimens  were  examined  visual¬ 
ly  between  crossed  polaroids  to  check  for  birefringence  (none  found),  and  stored 
in  a  dry  box  until  use. 


Fatigue  tests  were  performed  in  air  on  notched  compact- tens ion 
specimens  (3.2  mm  x  7.5  cm  x  7.5  cm)  at  a  sinusoidal  frequency  of  10  Hz,  and 
a  ratio  of  minimum  to  maximum  load  of  0.1,  using  an  electrohydraulic  closed- 
loop  test  machine  and  standard  procedures  (4).  Values  of  the  stress  intensit 
factor  range,  AK,  were  calculated  from  the  equation  AK=YAo/a,  where  Y  is  a 
geometrical  factor,  Aa  the  stress  load  and  £  the  crack  length  (15).  FCP 
rates  were  plotted  in  terms  of  the  crack  growth  rate  per  cycle,  da/dN,  as  a 
funtion  of  AK.  AK  was  taken  to  be  the  final  value  of  AK  prior  to  uncon- 
trolled  crack  growth, and  a  relative  value  of  fracture  toughness,  Kc,  was 
taken  as  equal  to  AKmav/0.9  (4).  Fracture  surfaces  were  examined  using  an 
optical  microscope  (reflected  light)  and  an  ETEC  scanning  electron  (SEM),  for 
which  specimens  were  prepared  by  gold/palladium  coating.  Fracture  surfaces 
and  portions  of  the  face  of  the  specimen  containing  the  crack  were  also 
etched  (for  20  hr)  using  a  40%  solution  of  methylamine  in  water  to  reveal 
morphological  detail;  this  etchant  preferentially  attacks  amorphous 
polymer  (16).  Preliminary  measurements  of  temperatures  at  the  crack  tip 
were  made  using  a  Barnes  infrared  camera,  model  RM-2B. 

Results  and  Discussion 

Characterization 

As  shown  in  Table  1,  the  PET  specimens  range  in  from  12,500  to 
28,700.  As  expected,  the  values  of  are  all  lower  than  those  obtained 
before  molding  (see  Fig.  2).  Since  FCP  rates  are  sensitive  to  molecular 
weight,  it  is  important  to  characterize  Mn  after  the  application  of  any 
thermal  treatment.  The  essentially  amorphous  nature  of  the  quenched  samples 
was  confirmed  by  use  of  the  DSC  (Fig.  1)  and  the  density  gradient  column. 
Values  of  T  are  self-consistent,  and  in  agreement  with  those  in  the 
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literature  (17).  Thus  although  dynamic-mechanical  tests  are  yet  to  be  mace, 
the  specimens  appear  so  far  to  be  well-behaved  in  all  respects. 

Fatigue  Crack  Propagation 

As  shown  in  Fig.  3,  all  the  curves  of  FCP  as  a  function  of  AK  agree 
well  with  the  Paris  equation  over  a  wide  range  of  AK:  da/dN=AAKn.  [For  values 
of  n  see  Table  1].  With  this  range  of  AK,  duplicate  tests  gave  values  of 
da/dN  (at  a  given  AK)  that  agreed  within  ±15%.  Average  slopes  of  the  da/dN 
curve  (Table  2)  tend  to  increase  from  a  value  of  5.8  (±0.8)  to  8.8  (:0.7) 
as  the  value  of  increases  from  12,500  to  28,700.  The  last  points  on  the 
curves  correspond  to  the  last  observations  prior  to  the  onset  of  a  stage 
of  uncontrolled  crack  growth,  which  lasted  for  from  15  to  20  cycles.  Then 
the  amorphous  samples  failed  by  gross  yielding  without  separation  into  two 
pieces,  while  the  crystalline  sample  failed  by  yielding  accompanied  by 
actual  rupture.  In  all  cases,  crack  growth  was  accompanied  by  a  progressive 
increase  of  surface  temperature  at  the  crack  tip.  Preliminary  observations 
with  PET-A  indicate  that  the  temperature  rises  after  cycling  begins  to  29°C, 
remains  at  29°C  until  just  before  final  yielding,  when  the  temperature  rises 
rapidly  to  80-90°C.  PET-D  behaves  similarly,  except  that  the  steady-state 
temperature  is  slightly  higher,  33°C.  (A  detailed  study  of  temperature 
profiles  at  crack  tips  as  a  function  of  loading  conditions  is  in  progress.) 

The  tendency  of  the  FCP  curves  to  converge  at  high  values  of  AK  would 
be  expected  to  result  in  a  fairly  small  range  in  AKmay.  In  fact  values  of 
AKmjy  range  between  5.0  and  6.3  MPa^  for  the  amorphous  polymers,  in  compari¬ 
son  with  a  value  of  6.8  MPavni  for  the  27%-crystalline  PET-D.  While  AK 

max 


has  no  significant  effect  on  AK  .  Such  an  effect  has  been  noted  before  with 
6  max 
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polyacetal  (18)  and  polycarbonate  (PC)  (19)  at  room  temperature.  On  c br¬ 
other  hand,  the  slopes  for  poly(vinyl  chloride)  (5),  poly(methvl  methacr”latc 
(4),  nylon  66  (6),  and  PC  [at  -30°C  (19)]  are  essentially  constant,  while 
the  curves  diverge  in  the  case  of  high-density  PE  (10).  The  significance  of 
the  slope  behavior  clearly  requires  further  investigation. 

In  any  case,  clearly  the  higher  the  molecular  weight,  the  greater 
the  resistance  to  crack  growth  (especially  at  lower  values  of  IK)  —  an 
observation  made  previously  by  ourselves  and  others  (1).  Indeed,  as  shown 
in  Fig.  4,  the  relationship  of  Eq.  1  holds  quite  well,  as  it  does  for  PVC  and 


PMMA  (4,5): 


%  ■=  A*  eB/M  AKn 
dN 


While  discovered  empirically  (4) ,  a  relationship  of  this  form  can  be 

derived  based  on  the  assumption  that  FCP  ressistance  is  controlled  generally 

by  the  effectiveness  of  molecular  entanglement  networks,  and  in  particular, 

by  the  fraction  of  molecules  possessing  values  of  M  greater  than  the  critical 

value  required  for  formation  of  an  effective  entanglement  network  (20). 

It  is  also  interesting  to  relate  the  force  required  to  drive  a 

fatigue  crack  at  a  constant  speed  to  the  quasi-static  fracture  toughness. 

* 

Thus  it  has  been  shown  that  AK  ,  the  value  of  AK  required  to  drive  a  crack 
at  constant  speed,  is  a  linear  function  of  K’c  for  many  polymers  (1,  ch.3), 
illustrating  a  basic  correlation  between  fatigue  and  static  response.  It  is 
true  that  K'c  as  defined  herein  for  amorphous  PET  (which  fails  by  gross 
yielding)  certainly  does  not  reflect  a  true  fracture  toughness  in  the  sense  o 
a  critical  value  of  K  required  for  actual  fracture.  Nevertheless,  the  values 


of  AK*  as  a  function  of  K'  do  fall  within  the  range  exhibited  bv  all  other 

c 


polymers  studied  (Fig.  5).  Thus  in  a  general  way,  the  ability  of  PET  to 
withstand  high  loads  without  tearing  apart  at  the  end  of  the  test  is  reflected 
in  a  very  high  driving  force  to  attain  a  given  value  of  da/dN. 

Indeed  a  comparison  of  PET  with  all  other  polymers  studied  to  date 
(Fig.  6),  shows  that  amorphous  PET's  exhibit  FCP  rates  at  a  given  value  of 
AK  that  are  lower  than  for  other  polymers,  with  the  exception  of  the  partially 
crystalline  27  PET-D,  Hence,  although  values  of  AKmay  are  not  as  high  as 
for  some  other  polymers,  amorphous  PET  exhibits  a  remarkable  resistance  to 
fatigue  crack  growth. 

Of  course,  specimen  thickness  may  play  a  major  role  with  such  a 
ductile  polymer.  For  example,  with  PC  (21),  3  mm-thick  specimens  were  seen 

to  be  much  more  resistant  to  FCP  than  6-mm-thick  specimens;  at  a  AK  of 

1/2  —  3  A 

2MPa»4i  ,  da/dN  varied  from  4x10  to  3x10  mm/cycle  as  the  thickness  was 

changed  from  6  to  3  mm,  respectively  (a  ratio  of  <13/1) .  Generally  similar 

results  were  also  noted  by  Pitman  and  Ward  (19).  Clearly  the  effect  of 

thickness  needs  to  be  established,  though  it  is  not  yet  certain  whether  or 

not  adequate  through-thickness  quenching  can  be  obtained  with  specimens 

thicker  than  3  mm.  In  any  case,  even  If  a  thickness  effect  similar  to  that 

in  PC  is  operative,  amorphous  PET  behaves  better  than  PC  (having  about  the 

same  molecular  weight)  with  respect  to  the  resistance  to  fatigue  crack 

propagation. 

Preliminary  examination  of  the  fracture  surfaces  of  all  four  amorphous 
samples  revealed  (Figs.  7  and  8)  a  complex  and  unusual  combination  of  features 
not  reported  before  in  amorphous  polymers  (1,  ch.  4).  After  a  region  of 
stable  crack  growth  (comprising  zones  A  and  B),  a  region  of  uncontrolled 
crack  growth  with  fracture  markings,  zone  C,  is  evident  (as  mentioned  above''. 


Considerable  whitening  was  evident  in  zone  C,  as  well  as  significant  puil-ir. 
from  the  edges.  Zone  D  corresponds  to  the  ligament  remaining  when  the 
compliance  exceeded  the  capability  of  the  instrument.  Interestingly,  no 
discontinuous  growth  bands  were  observed  (1,  ch.  A);  the  markings  seen  in 
zone  C  correspond  to  single  load  cycles.  When  viewed  from  the  side,  all 
specimens  exhibited  a  birefringent  diffuse  whitened  zone  under  the  crack 
plane;  the  thickness  of  this  zone  increased  with  increasing  .'-K,  reaching  a 
value  of  ^3  mm  just  prior  to  the  beginning  of  zone  C,  and  continuing  to 
grow  thereafter  (Fig.  9).  Optical  microscope  and  SEM  observations  on  fresh 
and  etched  samples  revealed  the  presence  of  fissures  in  the  whitened  zone, 
running  parallel  to  the  main  crack  and  believed  to  be  crazes.  (A  more  de¬ 
tailed  study  of  the  morphology  is  in  progress.) 

In  general,  there  was  much  evidence  of  softening  and  drawing,  especially 
in  zone  A.  Interestingly,  zone  A,  which  exhibited  a  honeycomb  structure, 
resembled  the  surface  of  fatigue-cracked  low-density  polyethylene  (22),  in 
which  failure  appeared  to  occur  by  the  growth  and  coalescence  of  microvoids 
The  surface  of  zone  B  was  birefringent,  and  was  characterized  by  large  (^150- 
600u)  parabolic  features.  All  parabolae  included  small  ball-like  features, 
sometimes  at  th<  oci  and  sometimes  not. 

Interestingly,  the  total  width  of  zone  A  whose  surface  was  not  bire- 

2 

fringent  was  seen  to  vary  in  proportion  to  AK  ,  as  has  been  noted  for  shear 
lips  in  polycarbonate  (PC)  (19).  While  zone  A  does  not  appear  to  resemble 
clear-cut  shear  lips  as  seen  in  PC,  evidently  the  phenomenon  involved  in  the 
formation  of  zone  B  may  well  reflect  a  shear  process  associated  with  plane- 
stress  conditions.  Thus  the  stress  conditions  appear  to  comprise  a  combina¬ 
tion  of  plane  strain  with  plane  stress.  If  we  assume  that  a  plane-stress 
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component  is  present,  the  width  of  zone  B,y^,  may  be  related  (l,p,148)  ;o 
K  and  the  yield  stress,  a  : 

y 


_i_  _r 

2tt  2 
a 

y 


<2j 


Using  equation  2,  calculated  values  of  o  were  found  to  fall  between  61  and 

1/2 

54  MPa,  as  AK  was  increased  from  2.3  to  3.8  MPa*m  .  These  values  may  be 
compared  with  a  typical  value  of  82  MPa  reported  in  the  literature  (17). 

Since  temperatures  at  the  crack  tip  undoubtedly  significantly  exceed  those 
at  the  specimen  faces,  the  values  of  a may  well  be  reasonable. 

Mechanisms  of  Toughening 

As  mentioned  above,  amorphous  PET  exhibits  very  extensive  plastic 

deformation  during  fatigue  crack  growth,  in  this  respect  resembling  PC  (1,  ch.4), 

rubber- toughened  PVC  (23)  and  low-density  polyethylene  (22) .  The  absence  of 

discontinuous  crack  growth  (i.e.,  development  of  a  craze  ahead  of  the  crack  tip 

with  a  lifetime  extending  over  many  cycles)  is  consistent  with  the  diffuse  zone 

of  damage  actually  observed  (1,  ch.  4).  The  high  level  of  shear  deformation  in 

plane  stress  is  surely  in  part  associated  with  the  thinness  of  the  specimens 

in  part  responsible  for  the  exceptional  FCP  resistance  observed.  Nevertheless, 

the  development  of  crystallinity  at  the  crack  tip  during  the  test  must 

surely  play  a  role.  As  shown  in  Fig.  10,  the  %  crystallinity  increases  in  a 

2 

regular  manner  with  increasing  crack  length  (and  hence  with  AlO.  Morphology 
may  also  play  a  role,  for  a  specimen  crystallized  to  a  level  of  2-10% 
exhibits  a  lower  FCP  rate  than  amorphous  PET  when  its  crack-tip  crystallinity 
is  also  2-10%  (24);  in  fact,  the  morphology  induced  by  annealing  above  the 
Tg  is  known  to  be  different  from  that  produced  by  strain-crystallization  (25). 

In  any  case,  crystallization  during  the  test  may  be  expected  to  have  two 
beneficial  effects:  the  development  of  a  network  whose  disruption  requires  the 
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expenditure  of  much  energy,  and  provision  of  a  general  heat  sink  that  reduces 
the  amount  of  energy  available  for  crack  extension.  While  such  a  mechanism 
has  been  proposed  by  Andrews  to  explain  the  resistance  to  FCP  in  strain- 
crystallizing  elastomers  (26),  PET  appears  to  be  the  first  thermoplastic 
observed  to  be  self-reinforcing  in  fatigue  crack  propagation. 

Conclusions 

The  following  observations  and  conclusions  may  be  stated: 

1.  Nominally  amorphous  PET  exhibits  an  exceptionally  high  resistance 
to  fatigue  crack  propagation. 

2.  While  part  of  the  resistance  may  be  ascribed  to  the  development 
of  a  significant  component  of  plane  stress  behavior,  the  development  of  crys¬ 
tallinity  at  the  crack  tip  during  the  test  must  surely  play  a  major  role  in 
toughening,  both  by  generating  a  strong  and  tough  network  ahead  of  the  crack 
and  by  providing  a  harmless  mode  for  dissipating  strain  energy  that  would 
otherwise  be  available  for  crack  extension. 
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Table  1.  Characteristics  of  PET  Specimens. 


Sample 

M 

n 

M  /M 
w  n 

3 

Density,  g/cm 

t  °r 

V 

Cryst.3 

PET-A 

12,500 

1.98 

1.334 

66C 

<1(0.8) 

PET-B 

19,500 

1.99 

1.334 

67C 

<2(0.8) 

PET-C 

21,000 

1.99 

1.333 

67C 

<2(0) 

PET-D 

28,700 

1.99 

1.334 

67C 

•  2(0.8) 

PET-D(27)  27 

PET  X  (38-46) 

(A,B,C,D)b 


lumbers  refer  to  use  of  DSC  and, in  parentheses,  to  use  of  the  density 
gradient  column,  respectively. 

"Samples  taken  from  whitened  zones  of  specimens  A  to  D,  inclusive;  values 
of  Z  crystallinity  fall  within  the  range  given.  The  melting  peak  extended 
from  510  to  560°K  (237  to  28l°C).  For  crystallinity  in  other  zones,  see 


Mechanisms  of  Toughening 


cLiterature  values  (17)  in  the  range  66-80° C. 
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Table  2.  Fatigue  Characteristics  of  PET 


AaxlO^ 


PET-A 

10 

1.27 

PET-B 

2.57 

0.92 

PET-C 

0.1 

0.25 

PET-D 

0.01 

0.07 

PET-D(27) 

3  n 

From  Paris  equation,  da/dN-AAK 


K 

max 

slor 

a 

>e  ,n 

5.0 

6.0 

5.0 

6.6 

5.7 

6.4 

5.5 

6.4 

6.3 

5.6 

8.0 

7.2 

5.5 

6.2 

9.5 

8.1 

8.5 
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List  of  Figures 


Fig.  1.  DSC  thermograms  for:  (a)  the  nominally  amorphous  PET;  (b)  PET 

crystallized  at  12Q°C;  and  (c)  a  section  of  PET  cut  from  a  fracture 
surface.  Scanning  rate:  40°C/min. 

Fig.  2.  Decrease  in  M  induced  by  the  molding  of  PET.  Values  before 

molding  supplied  by  Dr.  S.  L.  Kim  (Goodyear  Tire  and  Rubber  Co.), 
who  used  the  same  viscoraetric  method  (12)  as  was  used  here. 

Fig.  3.  FCP  rate  as  a  function  of  AK  and  M  for  nominally  amorphous  PET 
in  comparison  with  a  27%-crystalline  PET. 

Fig.  4.  Log  FCP  rate  in  amorphous  PET  as  a  function  of  1/1^.  Comparison 
made  at  AK=4.0,  3.5,  and  3.0  MPa-m-*-^  (curves  a,  b,  and  c, 
respectively) . 

Fig.  5.  Comparison  of  AK*  vs  K"c  for  amorphous  PET  with  band  including 
data  for  other  polymers  (1).  Comparison  at  da/dN*7.5xlO-^mm 
cycle.  Sample  A(s);  sample  B  (o) ;  sample  C  (A);  sample  D  (*) . 

Fig.  6.  Comparison  of  range  in  FCP  data  for  PET  with  that  of  all  other 
polymers  studied  to  date  (1).  Crosshatched  area  corresponds  to 
amorphous  PET  samples  and  (-•-)  to  27%-crystalline  PET;  curves 
(6)  and  (3)  correspond  to  6-mm  and  3-mm  PC  sheets  (21). 

Fig.  7.  Photograph  (4X)  showing  a  typical  fracture  surface  of  amorphous 
PET  D.  Zone  A,  B,  C  are  discussed  in  the  text;  zone  D  (not 
shown)  is  beyond  zone  C. 

Fig.  8.  SEM  micrograph  of  a  typical  fracture  surface  (regions  A  and  B) 
of  amorphous  PET-D.  Note  evidence  of  extensive  deformation, 
probably  involving  the  coalescence  of  microvoids  in  region  A. 

Fig.  9.  Photograph  showing  diffuse  whitened  zone  beneath  (and  above)  the 
crack  plane  in  PET  (Sample 

Fig.  10.  Percent  crystallinity  (by  DSC)  of  PET  in  the  crack  region  as  a 
function  of  crack  length. 
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